AD-A212  348 


WL-TR- 

89-14 


MEASUREMENT  AND  CORRELATION  OF  THE 
SOLUBILITY  AND  DIFFUSION  COEFFICIENT 
FOR  OXYGEN  AND  CHLORINE  IN  BASIC 
HYDROGEN  PEROXIDE 

Orville  C.  Sanded,  et  al. 


Department  of  Chemical  &  Nuclear  Engineering 
University  of  California 
Santa  Barbara,  CA  93106 


June  1989 


m?  tv  r 

.  «  ,  v‘ 

WL-TR-89-14 


r~.  ’  ■,  f 
\  .  >  ' 


Final  Report 


Approved  for  public  release;  distribution  unlimited. 


■  WEAPONS  LABORATORY 

Air  Force  Systems  Command 
Kirtland  Air  Force  Base,  NM  87117-6008 


DTIC 

•  elect  e. 

SEP  1 3  1389 

it.  i  w  vl 


89  9  13  004 


WL-TR-89-14 


This  final  report  was  prepared  by  the  Department  of  Chemical  and  Nuclear 
Engineering,  University  of  California,  Santa  Barbara,  California,  under 
Contract  F29601-88-K-0004,  Job  Order  33260344  with  the  Weapons  Laboratory, 
Kirtland  Air  Force  Base,  New  Mexico.  Mr  Leonard  Hanko  (ARD1)  was  the 
Laboratory  Project  Officer-in-Charge. 

When  Government  drawings,  specifications  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  definitely  Government-related  procure¬ 
ment,  the  United  States  Government  incurs  no  responsibility  or  any  obligation 
whatsoever.  The  fact  that  the  Government  may  have  formulated  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  be 
regarded  by  implication,  or  otherwise  in  any  manner  construed,  as  licensing 
the  holder,  or  any  other  person  or  corporation;  or  as  conveying  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  invention  that  may  in  anv 
way  be  related  thereto. 

This  report  has  been  authored  by  a  contractor  of  the  United  States 
Government.  Accordingly,  the  United  States  Government  retains  a  nonexclusive, 
royalty-free  license  to  publish  or  reproduce  the  material  contained  herein,  or 
allow  others  to  do  so,  for  the  United  States  Government  purposes. 

This  report  has  been  reviewed  by  the  Public  Affairs  Office  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS).  At  NTIS,  it 
will  be  available  to  the  general  public,  including  foreign  nations. 

If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing 
list,  or  if  your  organization  no  longer  employs  the  addressee,  please  notify 
AFWL/ARD1,  Kirtland  AFB,  NM  87117-6008  to  help  us  maintain  a  current  mailing 
list. 

This  technical  report  has  been  reviewed  and  is  approved  for  publication. 

LEONARD  HANKO 
Project  Officer 


MICHAEL  T.  WHITE 
Major,  USAF  Lt  Col,  USAF 

Chief,  Advanced  Chemical  Laser  Br  Chief,  Devices  Division 


DO  NOT  RETURN  COPIES  OF  THIS  REPORT  UNLESS  CONTRACTUAL  OBLIGATIONS  OR  NOTICE 
ON  A  SPECIFIC  DOCUMENT  REQUIRES  THAT  IT  BE  RETURNED. 


UNCLASSIFIED 


ffHHHgPfil 


a  REPORT  SECURITY  ClASS.F.CAT .ON 

UNCLASSIFIED 


Ja  SECURITY  Classification  4u'nORiTv 


REPORT  DOCUMENTATION  PAGE 


' b  RESTSlCT  vE  MARK.NG5 


:t>  oeclassification  downgrading  schedule 


4  PERFORMING  ORGANIZATION  REPORT  NUMB£R(S) 


3  distribution i  avaiuabiuty  of  report 
Approved  for  public  release;  districution 
uni i mi  ted. 


5  MONITORING  ORGANiZAT.ON  REPORT  NuMBER(S) 
vJL-TR-89-14 


6a  NAME  OF  PERFORMING  ORGANIZATION 

Oept  of  C hem  &  Nucl  Engrg, 
University  of  California 


6c.  AOORESS  lOfy.  Stitt,  and  ZIP  Coot) 


60  OFFICE  SYMBOL  7a  NAME  OF  MONITORING  ORGANiZAT.ON 

(If  appllcaplt) 

Weapons  Laboratory 


7b  ADDRESS  (Cry,  Stitt,  and  ZlPCodt I 


Santa  Barbara,  California  93106 


Kirtland  Air  Force  Base,  NM  87117-6008 


Ba.  NAME  OF  FUNDING  <  SPONSORING 
ORGANIZATION 


3c.  AOORESS  (City,  Start,  and  ZIP  Code) 


11  TITLE  (IrKludt  Stcunty  Cl issification) 


8b  OFFICE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 

F29601 -88-K-0004 


10  source  of  funding  numbers 


PROGRAM 

element  no 
62601F 


PROJECT 

TASK 

NO 

NO 

3326 

03 

WORK  _,NiT 
ACCESSION  NO 

Ad 


MEASUREMENT  AND  CORRELATION  OF  THE  SOLUBILITY  AND  DIFFUSION 
COEFFICIENT  FOR  OXYGEN  AND  CHLORINE  IN  BASIC  HYDROGEN  PEROXIDE 


12.  PERSONAL  AUTHORS) 

Sandall,  Orville  C. ;  Ruiz-Ibanez,  Gabriel;  Bidarian,  Ali;  and  Davis,  Richard. 


1 3a.  TYPE  OF  REPORT  ll  3b  TIME  COVERED  14  DATE  OF  RETORT  ,,  ear.  Month.  Oty)  h  5  PAGE  COUNT 

Final  from  7Apr  88  to  8Mar89  1989  June  I  52 


16.  supplementary  notation 


13b  TIME  COVERED  14  DATE  OF  RE.' 

FROM  7Apr  88  to  8Mar89  |  1989  June 


17 

cosati  cooes  I 

FIELD 

GROUP 

SUB-GROUP  I 

18  SUBJECT  TERMS  (Continue  on  rtvtnt  if  necessary  and  identify  by  i/ock  number) 

Solubility  of  oxygen  Diffusivity  of  chlorine 
Solubility  of  chlorine  Basic  hydrogen  peroxide 
Oiffusivity  of  oxygen  Henry's  law 


19  ABSTRACT  (Contmut  on  reverje  » f  necemry  *nd  Khnrtfy  by  biock  number) 

The  objective  of  this  research  was  to  determine  the  solubility  and  diffusivity  of  oxygen 
and  chlorine  in  basic  hydrogen  peroxide.  The  solubility  of  O2  in  aqueous  H202[35  % 

(wt)]  was  measured  directly  in  a  solubility  apparatus  over  the  temperature  range  -10  to  20" C « 
The  data  may  be  expressed  in  terms  of  Henry's  law  as 

In  H(atm  1/gnol)  =  15.626  -  2587/T( K) 

The  solubility  of  chlorine  in  aqueous  H202  could  not  be  measured  directly  because  of  the 
reaction  between  C12  and  H202.  However,  solubility  parameters  which  would  allow  the  pre¬ 
diction  of  the  solubility  of  Cl2  and  02  in  basic  hydrogen  peroxide  were  either  estimated 
from  literature  data  or  measured  in  the  laboratory. 


20.  DISTRIBUTION  /  AVAILA8IL1TY  OF  ABSTRACT 

OuNCLASSIFIED/UNUMITEO  □  SAME  AS  RPT  □  OTIC  USERS 


22a  NAME  OF  RESPONSIBLE  INOIVIOUAL 

Leonard  Hanko 


OO  FORM  1473, 84  mar 


21  abstract  security  CLASSIFICATION 

UNCLASSIFIED 


22b  'ElEPhoNE  (IrKludt  Art  a  Cod*  I  22c  OFFICE  SYMBOL 

(505)  844-0661  AROI 


83  APR  edition  may  o«  used  unin  e»b  Justed  ccrtioirv  r,  AcciYurnu  « 


Ail  other  editions  are  oosofete 


SECURITY  CLASSIFICATION  OP  THIS  3 AGE 

UNCLASSIFIED 


UNCLASS  I c I  ED _ 

JJCI.  CL*l»'*'C*T,o«.  O*  T-|»  *»Cf  _ _ 

- -  - 

19.  ABSTRACT  (Continued) 

The  diffusivity  of  chlorine  in  aqueous  hydrogen  peroxide  [33  (wt)]  was  measured  in  a 

laminar  liquid  jet  apparatus.  The  data  were  obtained  over  a  temperature  range  -10  to  20  C 
and  were  correlated  by 

D  (cmA/s)  =  (-1.9038  x  10-5)  +  (8.18  x  10*5)  T(.<) 

The  diffusivity  of  02  in  aqueous  hydrogen  peroxide  was  measured  in  a  wetted  sphere  absorper. 
Data  were  obtained  over  a  temperature  range  -8  to  12 ’ C  and  were  correlated  by 

0 ( cm2 / s )  =  (-1.6552  x  10'“)  +  (6.3259  x  10'7)  T(K) 


UNCLASSIFIED 


1.0  INTRODUCTION 
2.0  SOLUBILITY - 


1.0  INTRODUCTION - ! 

2.0  SOLUBILITY - 3 

2.1  EXPERIMENTAL  APPARATUS  AND  PROCEDURE  - — . - . 4 

2.2  EXPERIMENTAL  RESULTS . . 8 

2.2.1  02inH20 - 8 

2.2.2  02  in  BHP  Solutions . . 9 

2.2.3  02  in  Aqueous  H202  Solutions - 1 1 

2.2.4  Cl2  in  H20 - - 13 

2.2.5  Cl2  in  Aqueous  KC1 - 13 

2.2.6  Cl2  in  Aqueous  H202  . —  17 

2.3  ESTIMATION  OF  SOLUBILITY  PARAMETERS . 17 

3.0  DIFFUSrVITY - 22 

3.1  DIFFUSrVTTY  OF  Cl2  IN  AQUEOUS  HYDROGEN  PEROXIDE . -  24 

3.2  DIFFUSIVITY  OF  02  IN  AQUEOUS  H202  — . 30 

3.3  ESTIMATION  OF  DIFFUSIVITY  FOR  OTHER  SOLUTION 

CONCENTRATIONS  AND  TEMPERATURES - 32 

REFERENCES - - 35 

ACRONYMS - - 37 

NOMENCLATURE - - - - 


APPENDIXES 


A:  SOLUBILITY  CALCULATIONS . 41 

B:  SUPPRESSION  OF  CHLORINE  HYDROLYSIS  REACTION . 43 


iv 


FIGURES 


1  Solubility  apparatus  for  oxygen . 5 

2  Solubility  apparatus  for  chlorine - 7 

3  Solubility  of  oxygen  in  water . . - . 10 

4  Solubility  of  oxygen  in  35  percent  (wt)  hydrogen  peroxide . . 12 

5  Solubility  of  chlorine  in  water - 14 

6  Solubility  of  chlorine  in  aqueous  1  N  KC1 . 15 

7  Parameter  h  for  chlorine  as  a  function  of  temperature - 19 

8  Parameter  h  for  oxygen  as  a  function  of  temperature - 2 1 

9  Laminar  liquid  jet  absorber - - —  25 

10  Absorption  of  chlorine  in  the  laminar  liquid  jet - 28 

1 1  Diffusion  coefficent  of  chlorine  as  a  function  of  temperature . 29 

12  Wetted-sphere  absorber - 3 1 

13  Diffusion  coefficient  of  oxygen  as  a  function  of  temperature 


34 


TABLES 


1  Solubility  of  oxygen  in  35  percent  (wt)  hydrogen  peroxide - 1 1 

2  Solubility  of  chlorine  in  water - - 1 6 

3  Solubility  of  chlorine  in  aqueous  KC1 - 1 6 

4  Parameter  hci2  as  a  function  of  temperature . . —  1 8 

5  Parameter  ho2  as  a  function  of  temperature - 20 

6  Experimental  data  for  CI2-H2O2  absorption  in  the  laminar  liquid  jet - 27 

7  Diffusivity  of  CI2  in  35  percent  (wt)  H2O2 - 27 

8  Diffusivity  of  O2  in  35  percent  (wt)  H2O2  - 33 


vi 


1.0  INTRODUCTION 

The  reaction  between  chlorine  (CI2)  and  basic  hydrogen  peroxide  [BHP,  a  mixture  of 
hydrogen  peroxide  ( H2O2 )  and  potassium  hydroxide  (KOH)], 

Cl2  +  H2O2  +  2KOH  - >  2KC1  +  2H20  +  02(lAg)  (1) 

is  currently  being  utilized  to  provide  a  source  of  singlet  delta  oxygen  [C^OAg)]  for  iodine  (I*) 
chemical  lasers.  The  byproducts  of  the  reaction  in  Equation  1  are  potassium  chloride  (KC1)  and 
water  (H2O).  Typically  an  excess  of  hydrogen  peroxide  is  used.  The  physical  solubilities  and 
liquid  diffusion  coefficients  of  oxygen  (O2)  and  CI2  in  BHP  are  important  physicochemical 
parameters  needed  to  model  any  generator  designed  to  produce  singlet  delta  oxygen  based  on  the 
reaction  between  gaseous  CI2  and  BHP  solutions. 

The  objective  of  this  research  is  to  measure  and  correlate  the  solubility  and  diffusion 
coefficient  for  oxygen  and  chlorine  in  aqueous  alkaline  hydrogen  peroxide  solutions,  in  the  range 
of  -20  to  20  °C.  The  solution  of  interest  for  this  work  is  an  aqueous  solution  of  5  molar  potassium 
hydroxide  and  8  molar  hydrogen  peroxide  (5  M  KOH,  8  M  H2C2  and  3C  M  1 1/3).  This 
concentration  of  solution  could  be  achieved  by  adding  solid  KOH  to  a  33  percent  (wt)  solution  of 
hydrogen  peroxide. 

The  gas  solubilities  are  measured  in  an  apparatus  in  which  a  known  volume  of  degassed  liquid 
is  brought  into  contact  with  the  gas  in  a  closed  system  at  constant  temperature  and  pressure.  The 

amount  of  gas  absorbed  at  equilibrium  is  measured  volumetrically. 
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The  diffusivities  of  CI2  and  O2  in  aqueous  H2O2  solutions  are  measured  in  two  devices,  a 
laminar  liquid  jet  absorber  and  a  wetted-sphere  absorber,  respectively.  The  principle  idea  for  both 
of  these  devices  is  that  the  gas  absorption  rate  is  measured  for  a  system  in  which  the  liquid  phase 
fluid  dynamics  are  known.  The  diffusion  coefficient  is  calculated  from  the  measured  absorption 
rate  using  an  appropriate  theoretical  expression.  The  jet  device  gives  gas-liquid  contact  times  in  the 
range  of  0.001  to  0.02  s  and  is  appropriate  for  measuring  the  diffusivity  of  chlorine.  The  short 
contact  time  eliminates  the  effect  of  any  liquid  phase  reaction  on  the  absorption  rate  of  CI2  . 
Because  of  the  significantly  lower  solubility  of  O2  in  peroxide  solutions,  a  larger  surface  area  is 
needed  to  obtain  measurable  absorption  rates.  The  wetted-sphere  absorber  gives  contact  times  in 
the  range  of  0.1  to  1.0  s. 
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2.0  SOLUBILITY 

The  solubility  of  a  gas  in  a  liquid  cannot  be  measured  directly  when  the  gas  reacts  with  the 
solution  as  in  the  case  of  CI2  in  BHP.  However,  for  the  case  of  electrolytic  solutions,  Danckwerts 
(Ref.  1)  gives  a  method  of  relating  the  gas  solubility  in  the  electrolyte  solution  to  the  solubility  of 
the  gas  in  the  solvent  at  the  same  temperature.  This  solubility  expression  in  terms  of  Henry's  law 
constant  is 


log10(H/H°)  =  hi  (2) 

where  H  is  Henry's  law  constant  for  the  gas  in  the  electrolyte  solution,  H°  is  the  value  in  the 
solvent  and  I  is  the  ionic  strength  of  the  solution  defined  by 

I  =  \  Z  Ci  z?  (3) 

with  Cj  being  the  concentration  of  the  ions  of  valency  z,.  The  quantity  h  is  the  sum  of  the 
contributions  of  the  negative  ions,  the  positive  ions  and  the  gas  itself. 

h  =  h+  +  h.  +  he  (4) 

In  Equation  4,  h+  and  h.  are  constants  and  he  is  a  function  of  temperature. 

Since  chlorine  reacts  in  BHP  its  solubility  cannot  be  measured  directly.  Also,  BHP  solutions 
are  very  unstable  under  normal  conditions,  with  H2O2  decomposing  to  O2  and  H2O.  This  makes  it 
very  difficult  to  measure  the  O2  solubility  volumetrically.  For  these  reasons,  it  was  attempted  to 
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'  jtv  out  measurements  so  that  Equation  2  can  be  applied  for  the  prediction  of  the  physical 
solubility  of  chlorine  and  oxygen  in  BHP. 


For  most  BHP  solutions,  in  the  concentration  range  of  interest,  the  components  are  not 
completely  in  ionic  form.  According  to  the  equilibrium  constant  for  the  dissociation  reaction  (Balej 
and  Spalek,  Ref.  2) 

KOH  +  H202  - >  K+  +  OH*  +  HOC)'  +  H+  (5) 

hydrogen  peroxide  is  the  main  component  in  undissociated  form,  where  the  dissociated  species  are 
potassium  ion  (K+),  hydroxyl  ion  (OH‘),  peroxyl  ion  (HOO'),  and  hydrogen  ion  (H+),  Therefore, 
H°  may  represent  the  solubility  of  the  gas  in  hydrogen  peroxide  solution.  The  concentrations  of  the 
ions  can  be  calculated  from  the  equilibrium  constant  for  the  reaction  in  Equation  5  given  by  Balej 
and  Spalek  (Ref.  2).  The  h  parameters  for  the  ions  in  Equation  4  are  reported  by  Danckwerts  (Ref. 
1).  The  parameters  he  for  Cl2  and  02  can  be  calculated  by  measuring  the  solubility  of  each  gas  in  a 
given  solution  and  comparing  this  to  the  solubility  of  the  same  gas  in  water  according  to  Equation 
2. 


The  solubility  experiments  attempted  in  this  work  are:  Oi  in  H20,  BHP  and  aqueous  H2Q2 
solutions;  Cl2  in  H20,  aqueous  KC1  and  H2(>2  solutions.  The  objective  of  these  experiments  is  to 
determine  as  many  of  the  solubility  parameters  as  possible  for  use  in  Equation  2. 

2.1  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  principal  idea  of  the  method  used  here  is  to  bring  a  known  volume  of  liquid  into  contact 
with  a  volume  of  gas  in  a  closed  system  at  constant  temperature  and  pressure.  Equilibrium  is 
reached  by  agitating  the  liquid  for  some  time  until  no  change  in  the  volume  of  the  gas  is  observed. 
The  amount  of  gas  absorbed  is  measured  volumetrically.  The  apparatus  is  shown  in  Figure  1.  This 
apparatus  was  modified  from  our  original  solubility  apparatus  as  described  by  Haimour  and 
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A  From  Gas  Supply 
B  Constant  Temperature  Bath 
C  Absorption  Flask 
D  Liquid  Injection 
E  To  Fume  Hood 


F  Burette 
G  Magnetic  Stirrer 


Figure  1.  Solubility  apparatus  for 
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Sandal]  (Ref.  3).  The  principle  modification  for  this  work  was  the  addition  of  a  spherical  volume  in 
the  mercury  burette.  The  sphere  has  a  volume  of  48.2  ml  which  allows  a  larger  volume  of  liquid 
sample  to  be  injected  into  the  equilibrium  cell  and  thereby  increases  the  volume  of  gas  absorbed  at 
equilibrium.  This  modification  was  necessary  for  the  experiments  with  O2  because  of  its  relatively 
low  solubility. 

Figure  2  shows  a  further  modification  to  the  solubility  apparatus  that  was  made  for 
measurements  using  CI2.  The  CI2  reacted  with  mercury  and  several  substitute  manometer  fluids, 
such  as  butyl  phthalate,  silicon  oil,  Meriam  red  and  blue  oil  (brominated  aromatics)  and  aqueous 
hydrochloric  acid  (HC1)  solutions.  The  solution  to  this  problem  was  to  include  two  coils  in  the  gas 
lines  as  shown  in  Figure  2.  One  coil,  labeled  (I)  in  Figure  2  (which  initially  contains  air),  delays 
the  diffusion  of  chlorine  to  the  mercury  in  the  gas  burette.  The  other  coil,  labeled  (H)  in  Figure  2 
(which  initially  contains  Cl2),  is  to  insure  that  only  CI2  is  in  contact  with  the  liquid  sample  in  the 
equilibrium  cell. 

The  procedure  for  making  a  solubility  measurement  is  as  follows.  A  gas  saturated  with  the 
vapors  of  the  absorbing  liquid  is  passed  through  the  system  at  constant  temperature  long  enough  to 
completely  purge  the  absorption  flask.  Then  the  inlet  and  outlet  valves  are  closed.  The  heights  of 
mercury  in  the  three  branches  are  leveled,  ensuring  that  the  pressure  in  the  flask  is  atmospheric, 
and  the  position  of  the  meniscus  is  recorded.  An  aliquot  of  degassed  liquid  which  was  kept  at  the 
same  temperature  as  the  experiment  is  weighed  and  then  injected  into  the  absorption  flask.  The 
liquid  sample  is  continuously  agitated  via  an  external  magnetic  stirrer.  The  levels  of  mercury  in  the 
three  branches  are  leveled  every  few  minutes  to  make  sure  that  the  gas  phase  is  at  atmospheric 
pressure.  Equilibrium  is  reached  when  the  position  of  the  meniscus  in  the  burette  (while  the  three 
branches  are  leveled)  stops  changing.  The  whole  apparatus  is  kept  at  constant  temperature  inside  a 
temperature  controlled  bath.  The  bath  temperature  variation  is  usually  less  than  0.05  °C  during  any 
given  run. 
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Figure  2.  Solubility  apparatus  for  chlorine. 
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The  method  of  operation  is  as  follows: 


(a)  The  gas  space  in  the  absorption  flask  (C  in  Figure  2)  is  filled  with  gas  that  has  been  saturated 
with  the  liquid  by  flow  through  the  saturation  flask. 

(b)  After  the  gas  in  the  absorption  flask  has  been  purged  of  all  air.  The  gas  valves  are  closed  and 
a  known  volume  of  degassed  liquid  is  injected  into  the  absorption  flask  and  the  magnetic 
stirrer  (G  in  Figure  2)  is  turned  on. 

(c)  Equilibrium  between  the  gas  and  the  liquid  is  achieved  in  approximately  15  min.  The 
pressure  is  maintained  constant  by  adjustment  of  the  manometer  fluid  reservoir. 

(d)  After  equilibrium  has  been  reached  the  difference  in  gas  volume  at  constant  pressure  is 
measured  on  the  gas  burette  (F  in  Figure  2)  using  a  cathetometer. 

(e)  The  volume  of  gas  absorbed  at  equilibrium  is  equal  to  the  volume  of  liquid  sample  added  plus 
the  volume  change  measured  by  the  gas  burette. 

2.2  EXPERIMENTAL  RESULTS 

2.2.1  02  in  H20 

As  a  check  on  the  experimental  apparatus  and  procedure  several  measurements  were  carried 
out  for  O2  solubility  in  water.  Deionized  distilled  water  was  degassed  under  vacuum  and  the 
solubility  of  02  was  measured  in  the  apparatus.  The  volume  of  gas  absorbed  was  convened  to  a 
molar  concentration  in  the  liquid  according  to 

C2  =  (Vabs  i*r )  /  (V|  R  T)  (6) 

where  C2  is  the  concentration  of  the  gas  absorbed  in  the  liquid  sample  (gmol/1),  Vabs  is  the  volume 
of  gas  absorbed  (ml),  Pt  is  the  total  pressure  (atm),  Vi  is  the  volume  of  liquid  sample  (ml),  R  is  the 
ideal  gas  constant  (0.08205  atm  1/gmol  K),  and  T  is  the  temperature  (K).  Then  the  solubility  of  the 
gas  was  calculated  in  terms  of  Henry's  law  constant  as 


H  =  Pi/  Ci 


(7) 


where  Pj  is  the  partial  pressure  of  the  gas  in  the  equilibrium  cell  (atm)  and  Q  is  the  concentration  of 
the  dissolved  gas  in  equilibrium  with  the  liquid  at  the  given  temperature  (gmol/1).  Although  the 
degasification  of  the  liquid  sample  was  done  under  a  pressure  (vacuum)  of  0.34  atm,  the 
concentration  of  oxygen  in  equilibrium  with  the  liquid  at  that  pressure  (Ci)  cannot  be  neglected 
compared  with  C2.  Therefore,  the  solubility  in  Equation  7  is  corrected  as  described  in  Appendix  A, 
and  is  given  by 

H  =  (Pt  -  P?  -  0.052)  /  C2  (8) 

where  P“p  is  the  water  vapor  pressure  at  the  temperature  of  the  experiment  (atm).  The  results  are 
shown  in  Figure  3  from  which  an  average  mean  deviation  of  1.58  percent  is  calculated  when 
compared  with  values  found  in  the  literature  (International  Critical  Tables,  Ref.  4).  The  values  for 
the  solubility  of  02  in  H20  can  be  correlated  by 

In  H  =  12.8067  -  — (9) 

which  predicts  the  solubility  with  an  average  mean  deviation  of  0.07  percent.  This  equation  is  valid 
in  the  temperature  range  of  0  to  20  °C. 

2.2.2  02  in  BHP  Solutions 

BHP  solutions  of  several  concentrations  (1  to  3  M  KOH)  were  prepared  but  no  measurement 
of  solubility  could  be  achieved  because  of  the  high  instability  of  these  solutions.  H2O2  decomposes 
to  oxygen  making  the  volumetric  determination  impossible.  The  addition  of  a  stabilizer  (oxine)  was 
also  attempted  with  unsuccessful  results. 
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2.2.3  O2  in  Aqueous  H2O2  Solutions 

A  solution  of  35  percent  (wt)  H2O2  was  prepared  from  deionized  distilled  water  and  90 
percent  (wt)  H2O2.  Oxine  was  added  to  the  solution  as  a  stabilizer  in  the  concentration  of  1  ml  per 
liter  of  solution  to  avoid  the  decomposition  reaction.  It  is  believed  that  the  small  concentration  of 
this  chemical  does  not  change  the  properties  of  the  solution.  The  samples  were  kept  under  vacuum 
to  degas  them  before  injection  into  the  equilibrium  cell.  A  sample  was  weighed  in  an  analytical 
balance  and  its  volume  (Vj )  was  determined  from  its  density.  The  values  of  the  density  of  H2O2 
solutions  were  determined  from  Schumb,  et  al.  (Ref  5).  The  volume  of  the  gas  absorbed  (VABS) 
was  measured  with  the  apparatus  and  the  concentration  of  O2  absorbed  by  the  liquid  sample  (C2) 
was  calculated  according  to  Equation  6.  The  solubility  was  then  calculated  (see  Appendix  A)  by 

H  =  (Pr  -  0.8  F**p  -  0.322)  /  C2  (10) 


The  results  are  shown  in  Figure  4  and  the  average  of  the  values  at  every  temperature  are 
shown  in  Table  1.  The  solubility  of  O2  in  35  percent  (wt)  H2O2  can  be  correlated  by 

In  H  =  15.6255  -  (11) 


TABLE  1.  Solubility  Of  O2  in  35  percent  (wt)  H202« 


T  (K) 

H  (atm  1/gmol) 

291.95 

871.0 

283.65 

697.8 

276.75 

504.5 

269.55 

432.6 

263.45 

332.0 
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which  predicts  the  experimental  values  with  an  average  mean  deviation  of  1.3  percent.  This 
correlation  is  valid  in  the  temperature  range  of  -10  to  20  °C. 

2.2.4  Cl2  in  H20 

When  Cl2  is  absorbed  in  water  the  following  hydrolysis  reaction  occurs 

Cl2  +  H20  =  HOC1  +  H+  +  Cl'  (12) 

where  the  products  are  hypochlorous  acid  (HOC1),  hydrogen  ion  (H+)  and  chlorine  ion  (Cl'). 
Whitney  and  Vivian  (Ref.  6)  measured  the  equilibrium  constant  for  this  reaction  and  the  physical 
solubility  of  Cl2  in  water.  From  equilibrium  calculations  it  may  be  shown  (see  Appendix  B)  that 
by  adding  HC1  to  water  to  give  a  concentration  of  0.1  N  HC1,  the  hydrolysis  reaction  will  be 
suppressed  and  the  physical  solubility  can  then  be  measured  in  the  solubility  apparatus.  Table  2 
and  Figure  5  give  the  experimental  results  of  this  work.  Figure  5  also  shows  the  data  of  Whitney 
and  Vivian  plotted  as  H  versus  1/T.  The  data  of  this  work  show  very  good  agreement  with  the 
Whitney  and  Vivian  data,  with  an  average  mean  deviation  of  2.80  percent  The  Whitney  and  Vivian 
data  can  be  correlated  by 

In  H  =  14.124  -  ■3-3y~-1'  (13) 


2.2.5  CI2  in  Aqueous  KC1 

Solubility  measurements  for  Cl2  in  aqueous  KC1  were  carried  out  to  determine  hci2  as  a 
function  of  temperature.  1  N  KC1  solutions  were  prepared  with  HC1  added  to  give  0. 1  N  HC1.  The 
HC1  was  added  to  limit  the  hydrolysis  reaction.  The  solutions  were  degassed  under  vacuum  and 
the  solubility  of  Cl2  was  measured  as  a  function  of  temperature.  The  data  are  given  in  Table  3  and 
are  shown  plotted  hi  Figure  6.  This  figure  also  shows  the  correlation  line  given  by  the  equation 

In  H  =  12.336  -  -833’-8-  (14) 
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TABLE  2.  Solubility  of  chlorine  in  water. 


T  (K) 

H  (atm  1/gmol) 

Reference 

8.83 

Whitney  and  Vivian*# 

8.80 

This  work 

283.15 

8.62 

This  work 

288.15 

10.69 

Whitney  and  Vivian^# 

293.15 

13.31 

Whitney  and  Vivian*# 

293.15 

14.10 

This  work 

293.15 

12.5 

This  work 

298.15 

16.01 

Whitney  and  Vivian*# 

298.15 

16.40 

This  work 

298.15 

15.76 

This  work 

298.15 

15.62 

This  work 

298.15 

15.82 

This  work 

a  Reference  6. 


TABLE  3.  Solubility  of  chlorine  in  aqueous  KC1. 
T  (K)  H  (atm  1/gmol) 


2.2.6  CI2  in  Aqueous  H2O2 

Attempts  were  made  to  measure  the  solubility  of  CI2  in  H2O2  solutions.  These  attempts  were 
not  successful  because  of  the  reaction  which  occurs  between  H2O2  and  CI2  : 

H202  +  Cl2  ===  02  +  2^  +  2CT  (15) 

Tnus,  when  CI2  is  brought  into  contact  with  aqueous  H2O2  the  reaction  of  Equation  1 5  occurs  in 
solution  and  O2  gas  is  evolved.  The  equilibrium  constant  for  this  reaction  (1.109  x  1024  at  25  °C, 
Held,  et  al.,  Ref.  7)  is  sufficiently  large  that  the  reaction  cannot  be  suppressed  by  the  addition  of 
HC1. 

2.3  ESTIMATION  OF  SOLUBILITY  PARAMETERS 

In  order  to  estimate  the  physical  solubility  of  CI2  and  O2  in  BHP,  the  solubility  parameters 
for  the  following  ions  are  needed:  K+,  H+,  Cl',  OH*,  and  HOO'.  Also,  hci2,  and  ho2  are  needed 
along  with  the  H  values  for  aqueous  H2O2. 

In  this  work,  H02  was  measured  for  35  percent  (wt)  H2O2  as  function  of  temperature  (Eq.  11). 
As  discussed  in  the  previous  section,  attempts  to  measure  Hck  in  H2O2  were  not  successful 
because  of  the  reaction  given  by  Equation  15.  However,  since  it  is  found  that,  over  the  temperature 
range  for  this  work,  Ho?  for  35  percent  (wt)  H2O2  is  only  1  to  19  percent  higher  than  H02  for  water 
by  itself,  a  reasonable  estimate  for  Hcu  in  aqueous  H2O2  would  be 

HckH2&  =  HflfcHgBL  (16) 

H02-H2O  H02-H2O 

From  the  solubility  measurements  of  CI2  in  aqueous  KC1,  hci2  can  be  determined.  For  mixed 
electrolytes  Danckwerts  (Ref.  1)  recommends  that  the  gas  solubility  be  estimated  by 

logio  (H/H°)  =  hjli  +  h2I2  +  -  +  hjl;  (17) 
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where  Ii  is  the  ionic  strength  of  species  i  and  hj  has  the  value  characteristic  of  that  electrolyte. 
Applying  Equation  17  to  the  1.0  M  KC1  /  0. 1  M  HC1  solution  used  in  this  work,  gives 


logio  (H/H°)  =  (h^  +  her  +  hci2)(l)  +  (hH+  +  her  +  hot)  (0-1) 


Danckwerts  gives  the  following  values:  hK+  =  0.074,  her  =  0.021,  hn+  =  0.000.  Using  these 
values  in  Equation  18  together  with  the  measured  values  of  H  and  H°  at  several  temperatures,  it  is 
possible  to  calculate  heu  as  a  function  of  temperature.  These  results  are  given  in  Figure  7  and  Table 
4.  Hikita,  et  al.  (Ref.  8)  report  values  of  heu  over  the  temperature  range  20  to  50  °C.  The  Hikita,  et 
al.  values  of  heu  are  also  reported  in  Table  4.  The  value  found  in  this  work  at  the  common 
temperature  of  20  °C  is  -0.0520,  compared  to  the  value  of  -0.0145  reported  by  Hikita,  et  al.  (Ref. 
8).  The  values  of  heu  found  in  this  work  can  be  fitted  to  the  following  equation 

heu  =  (0.7449)  -  (2.72  x  10'3)  T  (19) 


TABLE  4.  Parameter  hen  as  a  function  of  temperature. 

T  (K)  heu  Reference 

273.15  0.0024  This  work 


T(K) 

heu 

273.15 

0.0024 

278.15 

-0.0119 

283.15 

-0.0258 

288.15 

-0.0391 

293.15 

-0.0520 

293.15 

-0.0145 

303.15 

-0.0247 

315.15 

-0.0296 

323.15 

-0.0357 

Hikita  et  al.  (Ref.  8) 


18 


The  parameter  ho2  is  reported  by  Danckwerts  (Ref.  1)  at  15  and  25  °C.  To  extend  the 
temperature  range  of  ho2.  data  have  been  used  from  the  International  Critical  Tables  (Ref.  4)  for  the 


solubility  of  O2  in  1  M  NaCl.  Application  of  Equation  2  to  this  system  gives 

logio(H/H°)  =  (hNa+  +  her  +  ho2)(l)  (20) 

Danckwerts  gives  hNsC  =  0.091  and  using  the  data  for  H  from  the  International  Critical  Tables  and 
calculating  H°  from  Equation  9, 1102  was  calculated  for  the  temperature  range  0  to  20  °C.  These 
values  are  plotted  in  Figure  8  and  tabulated  in  Table  5.  The  values  calculated  in  this  work  for  ho? 
are  correlated  by 

ho?  =  (0.5426)  -  (1.6860  x  10'3)  T  (21) 


TABLE  5.  Parameter  hoi  as  a  function  of  temperature 


T(K) 

ho2 

273.15 

0.0789 

278.15 

0.0754 

283.15 

0.0677 

288.15 

0.0587 

293.15 

0.0451 

A  value  for  hnoo"  could  not  be  determined  in  this  work.  However,  Danckwerts  (Ref.  1) 
suggests  that  when  the  value  of  the  parameter  h  for  an  ion  is  not  known,  the  value  for  a  similar  ion 
may  be  used.  In  this  case  it  would  be  reasonable  to  assume  that  hnoo'  =  hoH'  =  0.066. 


0.10 


T(K) 


Figure  8.  Parameter  h  for  oxygen  as  a  function  of  temperature. 
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3.0  DIFFUSIVITY 

In  this  study,  a  laminar  liquid  jet  absorber  is  used  to  measure  the  diffusion  coefficient  of 
chlorine  gas  in  aqueous  hydrogen  peroxide  solutions.  These  measurements  can  be  used  to  estimate 
the  diffusion  coefficient  of  chlorine  in  alkaline  hydrogen  peroxide  solutions.  The  technique 
involves  the  measurement  of  the  gas  absorption  rate  of  CI2  gas  into  a  flowing  stream  of  liquid.  The 
absorption  data  may  be  interpreted  in  terms  of  the  Higbie  Penetration  Theory  to  give  the  liquid 
phase  diffusion  coefficient  The  effect  of  chemical  reaction  on  the  rate  of  absorption  is  suppressed 
by  operating  at  short  gas-liquid  contact  times. 

The  laminar  liquid  jet  apparatus  provides  a  known  surface  area,  well-defined  hydrodynamics 
and  a  wide  range  of  contact  times.  Absorption  in  laminar  liquid  jets  has  been  shown  to  follow  the 
penetration  model  very  closely  in  previous  gas  absorption  studies  in  this  laboratory. 

According  to  the  penetration  theory  for  a  laminar  jet  (Haimour  and  Sandall,  Ref.  3)  the  rate  of 
gas  absorption  is  given  by 

Ri  =  4  VDi  C*  Vlq  (22) 

where  Ri  is  the  gas  absorption  rate  (gmol/s),  D,  is  the  diffusivity  (cm2/s),  C*  is  the  saturation 
solubility  of  gas  being  absorbed  (equal  to  P,/H  (gmol/ml)),  1  is  the  length  of  the  jet  (cm),  and  q  is 
the  volumetric  flow  rate  (ml/s).  Thus  a  plot  of  Ri  against  Vlq  at  constant  temperature  and  pressure 
should  give  a  straight  line  which  passes  through  the  origin  and  has  a  slope  of  4  C,  VT),.  Therefore, 
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the  product  C*  VT)i  can  be  obtained  from  the  slope.  Knowledge  of  the  solubility  of  the  gas  allows 
calculation  of  the  diffusion  coefficient 

It  was  found  that  the  laminar  liquid  jet  absorber  is  not  suitable  to  measure  the  diffusivity  of  O2 
in  aqueous  H2Q2 .  This  is  the  case  since  the  absorption  rate  for  O2  is  not  measurable  in  the  jet 
apparatus  because  of  the  low  solubility  of  O2 .  The  wetted- sphere  absorber  was  used  for  these 
measurements  since  the  sphere  provides  a  much  larger  area  for  absorption  and  thus  permits  a 
measurable  absorption  rate. 

Davidson  and  Cullen  (Ref.  9)  presented  a  solution  for  the  problem  of  physical  gas  absorption 
by  a  laminar  film  flowing  over  a  sphere.  For  a  small  depth  of  penetration,  the  rate  of  absorption 
(R,)  can  be  predicted  by  a  series  expansion  of  the  form 

Ri  =  L  (Ct  -  C? )  [1.0  -  I  Pi  exp(-Yi  a)]  (23) 

where  L  is  the  liquid  flow  rate  (ml/s),  C°  is  the  initial  concentration  of  the  gas  in  the  liquid  before 
the  absorption  (equal  to  zero  for  our  case  of  degassed  liquid),  pi  and  y,  are  constants  given  by 
Davidson  and  Cullen  (Ref.  9),  and  a  is  defined  as 

a  =  3.36  jc  -v/llir^L^Di  (24) 

where  rt=3. 14159,  g  is  the  acceleration  due  to  gravity  (9.8  m/s),  v  is  the  kinematic  viscosity  of  the 
liquid  (cm2/s),  and  r  is  the  radius  of  the  sphere  (cm).  Olbrich  and  Wild  (Ref.  10)  improved  the 
general  solution  of  Davidson  and  Cullen  by  adding  more  terms  to  the  series.  Note  that  the  value  of 
Y7  is  misprinted  in  the  paper  by  Olbrich  and  Wild.  The  correct  value  as  calculated  from  their 
Equation  19  is  461.8172. 

The  diffusivity  can  be  calculated  from  the  measured  absorption  rate,  Ri,  with  Equation  23.  An 
iterative  calculation  is  required  since  D,  appears  in  the  exponential. 
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3.1  DIFFUSIVITY  OF  Cl2  IN  AQUEOUS  HYDROGEN  PEROXIDE 


A  schematic  drawing  of  the  laminar  liquid  jet  apparatus  is  shown  in  Figure  9.  The  absorption 
chamber  is  made  of  a  31  cm  long,  7.6-cm  inside  diameter  (i.d.)  Pyrex  glass  cylinder  and  is 
enclosed  by  a  constant-temperature  jacket  constructed  from  a  31  cm  long,  16.5-cm  i.d.  Pyrex  glass 
cylinder.  Both  cylinders  are  held  between  two  stainless  steel  flanges  and  the  ends  are  sealed  with 
Teflon  gaskets.  Water  to  the  jacket  is  supplied  from  and  recycled  to  a  constant-temperature 
circulating  bath. 

The  liquid  feed  is  pumped  to  a  surge  tank,  then  through  a  rotameter  and  through  a  coil  in  the 
constant- temperature  jacket.  It  is  then  fed  to  a  1-cm  i.d.  delivery  glass  tube.  The  surge  tank  which 
is  topped  by  a  'osed  space  of  nitrogen  gas  helps  in  eliminating  pump  pulses.  The  delivery  glass 
tube  can  slide  in  the  vertical  direction  and  can  be  locked  in  position  by  a  swage-lock  nut  with  teflon 
ferrules.  The  gas  supply  is  fed  through  a  coil  in  the  constant-temperature  jacket  and  is  then 
introduced  into  the  absorption  chamber  at  the  base  and  is  exhausted  at  the  top  of  the  chamber. 

The  jet  nozzle  assembly  is  fitted  onto  the  end  of  the  glass  delivery  tube  by  two  O-rings.  The  jet 
nozzle  is  a  square-edged  orifice,  0.051  cm  in  diameter,  drilled  in  a  thin  sheet  of  polyvinyl  chloride. 
This  nozzle  design  was  recommended  by  Raimondi  and  Toor  (Ref.  1 1)  for  absorption  rate  results 
closest  to  the  theoretical  values  for  rodlike  flow  and  no  interfacial  resistance.  The  receiver  is  a  1-cm 
i.d.  glass  tube  fitted  into  a  funnel-shaped  base  and  capped  by  a  Teflon  plug  in  which  a  0.1 -cm  hole 
is  drilled.  A  hole  in  the  base  allows  draining  of  any  liquid  overflow.  The  jet  is  centered  by 
manipulating  the  mount  of  the  delivery  tube  relative  to  the  top  flange.  The  jet  is  considered  centered 
when  all  of  its  contents  empty  into  the  receiver  with  no  overflow. 

A  leveling  device  consisting  of  a  cup  with  an  overflow  drain  is  used  to  precisely  adjust  the 
liquid  level  in  the  receiver  tube.  If  the  level  is  low,  gas  entrainment  occurs;  if  high,  then  the  liquid 
overflows.  The  liquid  level  has  to  be  readjusted  after  any  changes  in  the  liquid  flow  rate.  The 

length  of  the  jet  is  measured  by  a  cathetometer  with  an  error  less  than  5  x  lfr3  cm. 
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Figure  9.  Laminar  liquid  jet  absorber. 
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The  temperature  of  the  system  is  monitored  by  thermometers  in  the  constant-temperature 
jacket,  in  the  jet  chamber,  and  in  the  liquid  delivery  tube.  The  temperatures  are  controlled  to  within 
±  0.30  °C. 

The  chlorine  gas  supply  is  turned  on  for  enough  time  to  displace  all  the  air  in  the  gas  coil  and 
the  chamber.  Measurements  were  taken  after  a  stable  jet  flow  was  established.  All  of  the 
experiments  were  done  under  atmospheric  pressure. 

In  this  study,  the  absorption  rate  of  chlorine  in  35  percent  (wt)  aqueous  hydrogen  peroxide 
was  measured  over  a  temperature  range  of  -10  to  20  °C.  The  contact  time  in  the  jet  apparatus  was 
varied  between  2.5  x  10" 3  and  6.9  x  10'3  s.  The  absorption  rates  were  measured  by  analysis  of  the 
outlet  liquid  stream  for  chloride  ion  concentration  using  a  Fisher  model  825  MP  pH/mV/ion  meter 
equipped  with  an  Orion  model  96-17B  combination  chloride  ion  electrode.  The  Fisher  ion  analyzer 
was  calibrated  with  standard  chloride  solutions.  The  experimental  data  are  presented  in  Table  6. 

The  contact  time  was  varied  by  changing  the  jet  length  and  the  liquid  flow  rate.  The  data  are  plotted 
in  accordance  with  the  penetration  model  in  Figure  10.  As  expected,  a  straight  line  passing  through 
the  origin  is  obtained  for  each  temperature.  The  product  Ci  VDj  is  obtained  for  each  temperature 
from  the  slope  of  the  straight  lines.  These  values  are  reported  in  Table  7  along  with  the  values  of 
the  diffusivity. 

Calculation  of  the  diffusion  coefficients  requires  a  knowledge  of  the  solubility  of  chlorine  in 
the  liquid  phase.  Ci  is  calculated  by  the  method  recommended  in  the  previous  section. 

HCI2-H2O2  =  HCI2-H2O  l}^1^  (25) 

<26) 

Figure  1 1  shows  a  plot  of  the  diffusivity  values  for  chlorine  in  aqueous  hydrogen  peroxide. 
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TABLE  6.  Experimental  data  for  CI2  -  H2C>2  absorption  in  the  laminar  liquid  jet. 


293.15 

293.15 

293.15 

293.15 

293.15 

293.15 

283.15 

283.15 

283.15 

283.15 

283.15 

283.15 

283.15 

273.15 

273.15 

273.15 

273.15 

273.15 

273.15 

263.15 

263.15 

263.15 

263.15 

263.15 

263.15 


1 

(cm) 

q 

(cm-tymin) 

Vlq 

(cm2/min1/2)  (cm2/s1/2) 

R;  x  107 
(gmol/s) 

1.353 

50.1 

8.233 

m 

5.62 

1.353 

61.6 

9.129 

6.39 

1.353 

74.5 

10.040 

7.12 

2.384 

53.4 

11.283 

ims 

8.09 

2.384 

68.3 

12.760 

1.647 

9.04 

2.384 

79.5 

13.767 

1.777 

9.83 

1.476 

51.4 

8.710 

1.1245 

8.92 

1.476 

58.6 

9.300 

1.2006 

9.87 

1.476 

68.3 

10.040 

1.296 

10.46 

1.476 

81.8 

10.988 

1.419 

11.51 

2.489 

50.6 

11.223 

1.449 

11.74 

2.489 

63.3 

12.552 

1.6205 

12.93 

2.489 

76.9 

13.835 

1.7861 

14.67 

1.418 

52.3 

8.612 

1.112 

14.51 

1.418 

65.5 

9.637 

1.244 

16.82 

1.418 

78.7 

10.564 

1.364 

18.48 

2.344 

51.4 

10.976 

1.417 

18.83 

2.344 

68.1 

12.634 

1.631 

21.51 

2.344 

81.2 

13.796 

1.7811 

23.95 

1.502 

54.5 

9.048 

1.168 

2.19 

1.502 

66.3 

9.979 

1.288 

2.55 

1.502 

79.5 

10.927 

1.411 

2.63 

2.445 

50.2 

11.079 

1.430 

2.84 

2.445 

70.3 

13.110 

1.6925 

3.22 

2.445 

82.1 

14.168 

1.829 

3.56 

TABLE  7.  Diffusivity  of  Cl2  in  35  percent  (wt)  H2O2. 


T  (K)  Slope  xlO7  Ci  VDi  x  107  Dj  x  106  (cm2/s) 


5 
5 

273.15 

263.15 
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3.2  DIFFUSIVITY  OF  02  IN  AQUEOUS  H202 

Several  attempts  were  made  to  measure  the  diffusivity  of  02  in  aqueous  H2O2  using  the 
laminar  liquid  jet  apparatus.  The  absorption  rates  could  not  be  measured  in  this  apparatus  because 
of  the  low  solubility  of  oxygen.  A  wetted-sphere  device  as  shown  schematically  in  Figure  12  was 
used  for  these  measurements.  The  wetted-sphere  apparatus  was  modified  from  previous  research 
(Al-Ghawas,  et  al.  Ref.  12)  in  that  a  pressure  feed  was  used  for  the  liquid  rather  than  a  pump.  This 
modification  was  made  to  minimize  any  decomposition  of  the  hydrogen  peroxide. 

The  dimensions  and  construction  materials  of  the  apparatus  are  the  same  as  those  of  the 
laminar  liquid  jet  apparatus,  which  is  described  earlier.  The  difference  is  the  sphere  assembly.  The 
sphere,  a  Hastelloy  ball  of  3.76  cm  diameter,  was  mounted  on  a  0.4-cm-diameter  Hastelloy  rod. 
The  part  of  the  rod  above  the  sphere  was  accurately  centered  in  the  orifice  of  the  liquid  feed 
distributor.  The  liquid  feed  enters  at  the  top  and  passes  through  the  alignment  block  via  eight  holes 
which  ensure  even  flow  out  of  the  orifice.  After  passing  over  the  sphere  the  liquid  runs  down  a 
short  length  of  rod  into  a  0.9-cm  i.d.  receiving  tube.  The  liquid  is  maintained  at  the  top  of  this  tube 
by  a  constant  level  device. 

The  sphere  is  fixed  at  0.3  cm  from  the  liquid  feed  orifice.  This  distance  was  chosen  because  at 
longer  distances  the  liquid  tended  to  break  away  from  the  rod  and  produced  uneven  distribution 
over  the  sphere.  This  condition  is  undesirable  since  it  wouli  alter  ti  e  Hme  and  surface  area 

by  unpredictable  amounts.  At  shorter  distances,  the  liquid  tended  to  spray  out  over  the  ball  even  at 
moderate  flow  rate.  The  length  of  the  rod  between  the  sphere  and  the  receiving  tube  was  fixed  at 
2.0  cm,  since  it  was  found  experimentally  by  Davidson  and  Cullen  (Ref.  9),  Goettler  (Ref.  13), 
Wild  and  Potter  (Ref.  14),  and  Tcmcej  et  al.  (Ref.  15)  that  for  distances  less  than  2.0  cm  the  rate 
of  absorption  drops  appreciably  because  of  a  stagnant  layer  end  effect.  When  the  distance  was 
greater  than  2.0  cm,  rippling  effects  became  significant. 
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Figure  12.  Wetted-sphere  absorber. 
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Freshly  degassed  liquid  is  initially  fed  to  the  distributor  at  high  flow  rates  to  ensure  complete 
wetting  of  the  sphere.  When  the  liquid  film  has  stabilized  the  flow  rate  is  reduced  to  the  desire  rate. 
After  the  liquid  film  is  flowing  satisfactorily,  the  gas  is  turned  on  for  enough  time  to  purge  the 
absorption  chamber  and  for  all  the  tubing  to  fill  with  the  gas.  The  gas  is  then  turned  off  and  the  rate 
of  gas  absorption  is  found  by  measuring  the  amount  of  time  needed  for  a  soap  film  to  travel 
through  a  fixed  volume. 

All  of  the  experiments  were  done  under  atmospheric  pressure.  The  temperature  of  the  system 
was  monitored  by  thermometers  in  the  constant-temperature  jacket,  in  the  absorption  chamber,  and 
in  the  liquid  feed  distributor.  The  temperature  was  controlled  to  within  ±  0.3  °C. 

As  a  check  on  the  operation  of  the  apparatus,  the  diffusivity  of  oxygen  in  water  at  12  °C  was 
measured.  A  value  of  1.41  x  10' 5  cm2/s  was  found.  This  may  be  compared  to  1.45  x  10‘5  cm2/s 
determined  by  Baird  and  Davidson  (Ref.  16)  using  a  sphere  absorber  and  1 .40  x  10*  crrr/s 
determined  by  Baird  and  Davidson  using  a  jet  absorber. 


Table  8  gives  the  data  obtained  over  the  temperature  range  -8  to  12  °C  for  the  diffusivity  of 
oxygen  in  35  percent  (wt)  H2O2.  The  data  are  shown  plotted  in  Figure  13.  The  experimental  data 
are  correlated  by 


D  =  -1.6552  x  10-4  +  6.3259  x  10'7  T 

3.3  ESTIMATION  OF  DIFFUSIVITY  FOR  OTHER  SOLUTION 
CONCENTRATIONS  AND  TEMPERATURES 

Most  predictive  equations  for  the  diffusion  coefficient  of  gases  in  liquids,  such  as  the 

Akgerman  and  Gainer  Equation  (Ref.  17),  are  based  on  the  Stokes-Einstein  theory. 

D  p 

— jk—  =  a  constant 


(27) 


(28) 


Thus,  a  method  of  estimating  the  diffusivity  at  another  temperature  or  concentration  would  be 
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(29) 


D2  = 


M  ^2 


1 


In  Equation  29,  Dj  is  the  known  value  of  the  diffusivity  at  temperature  Tt  and  viscosity  m,  and  D2 
is  the  desired  value  of  the  diffusivity  at  T2  and  42-  The  effect  of  any  concentration  change  on  the 
predicted  diffusivity  is  taken  into  account  through  the  viscosity  ji2. 


TABLE  8.  Diffusivity  of  O2  in  35  percent  (wt)  H2O2. 


T  (K) 

D  x  105  (cm2/s) 

285.15 

1.52 

277.95 

0.93 

271.15 

0.71 

269.55 

0.49 

265.35 

0.20 

Dx  10 
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ACRONYMS 


BHP  Basic  Hydrogen  Peroxide 

NOMENCLATURE 

Cj  Concentration  of  the  ions  in  the  solution  (gmol/1) 

Ci  Concentration  of  gas  in  equilibrium  with  liquid  at  degasification  (gmol/1) 

Ci  Concentration  of  the  gas  absorbed  by  liquid  sample  (gmol/1) 

Ci  Concentration  of  dissolved  gas  in  liquid  (gmol/1) 

Ci  Saturation  solubility  of  gas  being  absorbed  (gmol/1) 

C?  Initial  concentration  of  gas  in  liquid  (gmol/1) 

CI2  Chlorine 

Q'  Chloride  ion 

Dj  Diffusivity  of  gas  i  (cm2/s) 

g  Acceleration  of  gravity  (9.8  m/s) 

h  Solubility  parameter  defined  in  Equation  4 

h+  Solubility  parameter  for  the  positive  ions  in  solution 

h.  Solubility  parameter  for  the  negative  ions  in  solution 

he  Solubility  parameter  for  gas  G  defined  in  Equation  4 

H  Henry's  law  constant  the  gas  in  the  liquid  solution  (atm  1/gmol) 

H°  Henry's  law  constant  for  the  gas  in  the  solvent  (atm  1/gmol) 

H+  Hydrogen  ion 

H20  Water 

H2Q2  Hydrogen  Peroxide 

HOC1  Hypochlorous  acid 
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HOC)'  Peroxyl  ion 

HC1  Hydrochloric  acid 

I  Ionic  strength  of  the  solution  defined  by  Equation  3 

K+  Potassium  ion 

KC1  Potassium  chloride 

KOH  Potassium  hydroxide 

L  Liquid  flow  rate  in  the  sphere  absorber  (ml/s) 

1  Length  of  the  liquid  Jet  (cm) 

M  Molar  concentration  (gmol/1) 

Na+  Sodium  ion 

NaCl  Sodium  chloride 

C^OAg)  Singlet  Delta  Oxygen 

OHT  Hydroxyl  ion 

Pi  Partial  pressure  of  the  gas  in  equilibrium  with  liquid  (atm) 

Pr  Total  pressure  (atm) 

P™p  Water  vapor  pressure  (atm) 

Pvac  Vacuum  pressure  used  to  degas  liquid  samples  (0.342  atm) 

q  Volumetric  flow  rate  (ml/s) 

r  Radius  of  the  sphere  (1.897  cm) 

R  Ideal  gas  law  constant  (0.08205  atm  1/gmol  K) 

Rj  Gas  absorption  rate  (gmol/s) 

T  Temperature  (K) 

Vabs  Volume  of  gas  absorbed  (ml) 

V[  Volume  of  liquid  sample  (ml) 

XQ2  Mol  fraction  of  oxygen  in  air 

zj  Valency  of  the  ions  in  solution 
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Greek  Symbols 


a  Variable  defined  in  Equation  24 

p  Constant  given  in  Olbrich  and  Wild  (Ref.  10) 

Y  Constant  given  in  Olbrich  and  Wild  (Ref.  10) 

(j.  Dynamic  viscosity  (Poise) 

K  Constant  =  3.14159 

2 

v  Kinematic  viscosity  (cm  /s). 
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APPENDIX  A 

SOLUBILITY  CALCULATIONS 


The  solubility  of  a  gas  in  a  liquid  is  defined  in  terms  of  Henry’s  law  constant,  H  (atm  1/gmol), 
as 

H  =  Pi/Q  (A-l) 

where  P;  is  the  partial  pressure  of  the  gas  (atm)  in  the  equilibrium  cell  and  Q  is  the  total 
concentration  (gmol/1)  of  dissolved  gas  in  equilibrium  with  the  liquid  at  a  given  temperature.  When 
the  liquid  sample  is  degassed  under  vacuum  there  may  be  a  significant  concentration  of  the  gas  in 
equilibrium  with  the  liquid,  Q  (gmol/1),  depending  on  the  vacuum  pressure.  Under  these 
conditions  the  solubility  of  the  gas  may  be  expressed  as 

H  =  X02  Pvac  /  Ci  (A- 2) 

where  Pvac  is  the  vacuum  pressure,  equal  to  0.342  atm  in  our  case,  and  X02  =  0.21  is  the  mol 
fraction  of  oxygen  in  air.  Q  in  Equation  A-l  is  the  sum  of  Q  and  the  experimentally  measured  C2, 
or  in  terms  of  Henry's  law  constant 

H  =  Pi/(Cl  +  C2)  (A-3) 

Pi  is  equal  to  the  total  pressure  minus  the  vapor  pressure  of  the  liquid  at  the  temperature  of  the 
experiment.  Similarly  the  partial  pressure  in  Equation  A-2  has  to  be  corrected  for  the  vapor 


pressure  of  the  liquid  at  the  temperature  at  which  the  liquid  sample  was  degassed.  For  the  case  of 
water  the  vapor  pressure  at  20  °C  is  0.02  atm.  Therefore,  Equations  A-2  and  A-3  car  be  written  as 

H  =  (0.21  Pvac  -  0.02)  /  Q  (A-4) 


and 


H  =  (Pt-0/(Ci  +  C2)  (A-5) 

From  these  two  equations  we  can  solve  for  Q  and  H  to  finally  express  Henry's  law  constant  for 
the  solubility  of  oxygen  in  water  as 

H  =  (PT  -  P?  -  0.052)  /  C2  (A-6) 

Similarly,  for  35  percent  (wt)  hydrogen  peroxide  aqueous  solutions  the  solubility  can  be 
calculated  from 


H  =  (Px  -  0.8  P?  -  0.322)  /  C2  (A-7) 

where  it  is  assumed  that  Raoult's  law  holds  and  the  water  vapor  pressure  has  been  multiplied  by 
the  mol  fraction  of  water  in  the  solution.  Also,  the  mol  fraction  of  oxygen  above  the  liquid  sample 
during  degasification  has  been  taken  as  unity.  It  may  be  shown  that  the  vapor  pressure  of  H202 
above  the  solution  is  negligible  and  is  therefore  neglected  in  Equation  A-7. 
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APPENDIX  B 

SUPPRESSION  OF  CHLORINE  HYDROLYSIS  REACTION 

Chlorine  hydrolyzes  in  water  according  to 

Cl2  +  H20  =  HOC1  +  H+  +  Cl*  (B-l) 

To  calculate  the  extent  of  hydrolysis  in  0.1  N  HC1  solution,  the  equilibrium  constants  found  by 
Connick  and  Chia  (Ref.  B-l)  are  used.  The  activity  coefficients  used  are  those  calculated  by 
Kielland  (Ref.  B-2).  At  0.1  N  HC1  these  coefficients  are:  for  H+,  0.83,  and  for  Cl',  0.755.  The 
ratio  of  the  activity  coefficients  for  HOC1  to  that  of  H20  is  taken  as  unity  by  Connick  and  Chia 
(Ref.  B-l)  and  this  assumption  is  made  here  also. 

Therefore,  at  25  °C  and  one  atmosphere  total  pressure 

(0.83)  [Ht!  (0-755)  [CH  ,[H0C1]  =  3  ^  x  10-4  ^ 

Under  these  conditions  0.0585  moles  of  chlorine  dissolves  in  one  liter  of  0.1  N  HC1  (Spalding, 
Ref.  B-3). 


Making  a  material  balance 


[H+]  =  0.1  +  [HOC1] 

(B-3) 

ten  =  o.i  +  [hoci] 

(B-4) 
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[C1‘]  +  [HOCl]  +  2[Cl2]  =  0.217  (B-5) 

Solving  for  [HOCl]  gives  0.0034  M  which  means  5.8  percent  of  the  chlorine  hydrolyzed.  At  lower 
temperatures  even  less  chlorine  will  be  hydrolyzed  because  of  the  decreasing  equilibrium  constant 
with  decreasing  temperature. 


